Repair of apurinic/apyrimidinic (AP) sites is initiated by AP endonucleases, such as the human Ape1 protein (also called Hap1, Apex, and Ref1). This and related enzymes show strong dependence on divalent cations, particularly magnesium. Here we explore the role of this metal in different stages of the Ape1 reaction: substrate binding, cleavage, and product release. We examined DNA binding using an electrophoretic approach and DNA cleavage in single-turnover and steady-state reactions. Magnesium at low to moderate concentrations accelerated both substrate and product release by wildtype Ape1 protein. For a mutant Ape1 protein with an aspartate to alanine substitution at residue 308, substrate in preformed protein-DNA complexes was more efficiently cleaved before release in contrast to wildtype Ape1, whereas product release was accelerated dramatically. The magnesium dependence of steadystate AP endonuclease reactions was sigmoidal for both wild-type and the aspartate 308 to alanine protein but was not sigmoidal for an aspartate 283 to alanine derivative of Ape1. These results show that magnesium affects both DNA interactions with and phosphodiester cleavage by Ape1 and can change the rate-limiting step of the reaction. Structural studies will need to be interpreted in the context of these diverse effects of the metal.
Loss of DNA bases to form apurinic/apyrimidinic (AP) 1 sites occurs spontaneously and through removal of aberrant bases by DNA glycosylases (1, 2) . In addition, free radicals attack DNA deoxyribose to form oxidized abasic sites (3) . Because AP sites are mutagenic (4), their repair is important for maintaining genetic stability. AP site repair is initiated by AP endonucleases, and the predominant forms of these enzymes hydrolyze the 5Ј-phosphodiester of the abasic residue (2, 5, 6) . The main such enzyme in human cells is Ape1 protein (7) (8) (9) , a homologue of Escherichia coli exonuclease III (7, 8) (Ape1 is also called Hap1, Apex, and Ref1; reviewed by Demple and Harrison (2)). Like E. coli exonuclease III, Ape1 is a multifunctional enzyme. In addition to its robust AP endonuclease activity, Ape possesses weaker 3Ј-repair phosphodiesterase and 3Ј-phosphatase activities, and very weak 3Ј-5Ј exonuclease and RNaseH activities (9 -12) . Mutational studies indicate that the various activities are functions of a single active site in this class of enzymes (12) (13) (14) (15) .
Ape1 binds tightly to its substrate DNA containing an intact abasic site (16 -18) , where footprinting and interference studies indicate that the protein is centered on the abasic site itself and causes a distortion of the DNA backbone (18) . We have shown that Ape1 also possesses a high affinity for its product, the incised AP site (19) . Indeed, this affinity is such that DNA containing incised AP sites displays an inhibitory effect on the nicking reaction of Ape1 (19) .
Like many nucleases, Ape1 is strongly stimulated by metals, such as magnesium (10, 13, 20) , as are exonuclease III (21, 22) and the other nucleases of this protein family (23) . Structural studies of exonuclease III (24) and Ape1 (25) in the absence of substrate revealed bound metal atoms that could account for the metal stimulation of their activities. Substitution of some Ape1 residues thought to be involved in this metal binding lowered the enzyme activity (13) . However, our own work indicates that at least one of these Ape1 residues (aspartate 308) is in fact dispensable (19) . On the other hand, preincision complexes of abasic DNA and either an Ape1 derivative with an alanine substitution at residue 283 (D283A) or the D308A mutant protein had increased stability (19) . These observations suggested that Mg 2ϩ might play a role in the Ape1 enzyme reaction other than, or in addition to, the proposed mechanistic function in phosphodiester cleavage (13, 25) .
To address the role of magnesium in the human AP endonuclease, we have developed methods to observe sequentially several steps of the Ape1 reaction at an abasic site. We show here that for wild-type Ape1, Mg 2ϩ stimulates the dissociation from incised DNA in a manner dependent on the concentration by a mechanism independent of its effect on DNA cleavage. At Mg 2ϩ concentrations up to 3 mM, the D283A and D308A mutant proteins dissociated more quickly than wild-type Ape1 from the incised DNA product. At low Mg 2ϩ concentrations, the two mutant proteins displayed higher activity than wild-type Ape1. Thus, Mg 2ϩ has complex effects on the Ape1 endonuclease reaction that influence both the overall interaction with the DNA substrate and product, and the incision step.
EXPERIMENTAL PROCEDURES
Proteins and DNA Substrate-The generation and purification of the wild-type and mutant Ape1 proteins have been described in separate work (19) . T4 endonuclease V was isolated as described by Johnson and Demple (26) . The abasic DNA substrate was a 51-mer duplex oligonucleotide (27) , in this case with a tetrahydrofuran abasic residue at position 22 (51F). The tetrahydrofuran substrate was used in order to avoid substrate degradation during electrophoresis (18) .
Electrophoretic Mobility Shift Assay (EMSA)-The development of improved protein-DNA binding conditions and a gel-buffer system for EMSA have been described separately (19) . Briefly, reaction mixtures consisted of 50 mM Tris-HCl (pH 8.4), 1 mM EDTA (pH 8.0), 0.2 mg/ml BSA, and 1 nM 5Ј-␣-32 P-labeled-51F DNA. To follow dissociation after the addition of MgCl 2 , binding reaction mixtures (100 l) containing 7.8 nM Ape1 were incubated at 0°C for 10 min. At time 0, 10-l samples were removed, mixed with 1 l of a 1 M unlabeled 51F stock containing MgCl 2 , followed by incubation for various times at 0°C before loading on a prerunning 8% polyacrylamide gel (80:1 acrylamide:bisacrylamide) to separate the free DNA from the Ape1-DNA complexes. The amount of DNA present in each band was quantified by phosphorimaging (Molecular Imager System, Bio-Rad). The figures show x-ray film autoradiographs of the same gels. The final concentrations of MgCl 2 after mixing are indicated in the figure legends; note that the final mixtures also contained 0.9 mM EDTA.
"Running Start" Incision Assay-To identify only the initial nicking reaction in the Ape1⅐51F-DNA complex, we developed a running start incision assay. A binding reaction mixture (10 l) (50 mM Tris-HCl (pH 8.4), 1 mM EDTA (pH 8.0), 0.2 mg/ml BSA, labeled 51F DNA (1 nM), and 7.8 nM Ape1) was incubated for 10 min on ice. The incision reaction was started by mixing in 1 l of a solution containing 1 or 8.5 M unlabeled 51F DNA and MgCl 2 at 11 times the final concentrations indicated in the figures. After incubation for 10 s at 0°C, the reactions were stopped by addition of 1 l of 0.5 M EDTA and mixing, followed by addition of 8 l of formamide. The DNA was then analyzed on 20% polyacrylamide gels containing 8 M urea. The amount of DNA present in each band was quantified by phosphorimaging (Molecular Imager System, Bio-Rad); the figures show autoradiographs on x-ray film.
Steady-state Enzyme Assay-Steady-state AP endonuclease assays were routinely performed by using as the substrate poly[d(A-T)] containing occasional [␣-32 P,uracil-3 H]dUMP residues and freshly treated with uracil-DNA glycosylase (kindly provided by Dr. Dale Mosbaugh, Oregon State University) (28) . For assays of the 3Ј-phosphodiesterase activity of Ape1, the polymer was first treated concurrently with uracil-DNA glycosylase and T4 endonuclease V (26) . Twenty-two-l aliquots of the reactions were mixed with 2 l of MgCl 2 (at a concentration 12.5 times the final concentration indicated in Fig. 6 ). The reactions were started by adding 1 l of the indicated amount of Ape1 protein. The reaction mixtures contained 50 mM Tris-HCl (pH 8.4), 0.2 mg/ml BSA, and polymer containing 1.8 pmol of AP sites or 3Ј-abasic deoxyribose. After incubation for 5 min at 37°C, the reactions were stopped, and the amount of deoxyribose released was determined from the acid-soluble and Norit-nonadsorbed radioactivity (26) ; for AP endonuclease assays, the acid/Norit treatment was preceded by ␤-elimination (28). 2 Accelerates Both Incision and Substrate Dissociation-To address the effect of MgCl 2 on preformed complexes of Ape1 with DNA containing an AP site, we utilized as the substrate a 51-mer double-stranded DNA containing a tetrahydrofuranyl residue (51F), because the stability of this substrate also allowed us to use EMSA to determine the dissociation of Ape1 from the AP site in the presence of EDTA (19) . The newly developed EMSA buffer differed slightly from the standard endonuclease buffer for Ape1 (11) but allowed a cleaner separation of protein-DNA complexes from the free DNA than obtained previously (11, 19) . We confirmed that the modified EMSA buffer supported the endonuclease activity almost as well as the standard reaction buffer, and the relative activities of the wild-type and mutant Ape1 proteins were consistent between the two conditions (Table I ). It was noteworthy that the AP endonuclease activities of both proteins containing the D308A mutation were 2-3-fold higher in the EMSA buffer than in the standard buffer (Table I) . We have not determined whether this small difference was due to the pH difference or the KCl difference between the buffers.
RESULTS
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Aliquots of reactions containing preformed Ape1⅐51F-DNA complexes were removed and mixed in solution with a 100-fold excess of unlabeled 51F-DNA and MgCl 2 to reach a final concentration of 10 mM. (Note that the final mixtures also contained 0.9 mM EDTA.) After incubation for various times, the samples were loaded on a polyacrylamide gel to separate the remaining Ape1⅐51F-DNA complexes from the free 51F-DNA. The results showed that MgCl 2 drastically accelerated the dissociation of the complexes (Fig. 1A) ; the half-life of the complexes in 10 mM Mg 2ϩ was Ͻ10 s (Fig. 1A ). This result agrees with previous measurements by a filter binding assay (18) . The same result was obtained when magnesium-glutamate was used instead of MgCl 2 (data not shown). The addition of MgCl 2 also accelerated the dissociation of the mutant Ape1 proteins D283A, D308A, D283A/D308A (double mutant), and H309N from the AP site ( Fig. 1 , B-E). Note that in absence of Mg 2ϩ , all of the proteins, except for the H309N protein, exhibited relatively slow dissociation from intact AP-DNA (19) . Because three of these mutant enzymes have very low or undetectable AP endonuclease activity, the results indicated that MgCl 2 destabilized the preincision complexes of the mutant Ape1 proteins with 51F-DNA. An alternative possibility was that rapid dissociation occurs after Ape1-mediated incision of the DNA and that preformed complexes with the mutant proteins would be competent for cleavage of the DNA.
To distinguish between these possibilities, it was essential to separate the initial incision from subsequent reactions. For this purpose, we employed a running start incision assay (see under "Experimental Procedures"). After complex formation, incision reactions were started by addition of MgCl 2 and a large excess of unlabeled 51F-DNA, and the reactions were carried out for only 10 s at 0°C (Fig. 2) . In this assay, the amount of the incised product recovered was insensitive to the amount of excess unlabeled 51F-DNA added over a 100 -850-fold range (Fig. 2, A and B, compare lanes 3 and 4) . Thus, the majority of the products would be derived from the initial incision. Before the addition of MgCl 2 , 75% of the 51F-DNA was present in a complex with wild-type Ape1 (Fig. 1A, lane 1) . However, the amount of incised product observed in the running start assay corresponded to only 30% of the total 51F-DNA (Fig. 2, A and B, lanes 3 and 4) . Therefore, more than half of the wild-type Ape1 protein dissociated without incising DNA substrate. In the same way, ϳ38% of the D308A protein and Ͼ90% of the D283A, D283A/D308A, and H309N proteins dissociated without incising the DNA substrate (Fig. 2, A and B, lanes 8 -16) . We conclude that MgCl 2 accelerates the dissociation of Ape1 from intact AP sites, in addition to promoting the incision reaction.
Ape1 Forms a Stable Complex with Incised DNA-The results of the running start incision assay showed that MgCl 2 has two different effects: to support the nicking reaction and to accelerate the dissociation of Ape1. For a more detailed analysis of the effect of MgCl 2 on the interaction of Ape1 with substrate and product DNA, reactions containing preformed Ape1⅐51F-DNA complexes were mixed with a large excess of unlabeled 51F-DNA containing various concentrations of MgCl 2 . Because Ape1 dissociated quickly upon the addition of MgCl 2 (Fig. 1) , the dissociation reactions were carried out for 10 s at 0°C and then immediately loaded on polyacrylamide gels that were already undergoing electrophoresis to separate the remaining Ape1⅐51F-DNA complexes from free 51F-DNA. The results of such an experiment showed that the dissociation was sensitive to concentrations of Mg 2ϩ significantly lower than the optimal values reported for the overall incision (steady-state) reaction (13, 20) . Surprisingly, at 1 mM total MgCl 2 , the dissociation rates of wild-type Ape1 and of the H309N proteins were slightly slower than in the absence of MgCl 2 (Fig. 3A, panels a and e, compare lanes 2 and 3) . In contrast, the dissociation of the D283A, D308A, and D283A/ D308A proteins was monotonically dependent on the Mg 2ϩ concentration (Fig. 3, A and B) .
To observe the initial nicking reaction as a function of Mg 2ϩ concentration, running start assays were carried out. However, in this experiment, we focused on only the wild-type and D308A mutant proteins, because the activities of the D283A, D283A/ D308A, and H309N proteins were too low to be used for the running start incision assay (Fig. 2) . Above 1 mM total Mg 2ϩ , the amount of the incised products was inversely related to the concentration of MgCl 2 (Fig. 4) . At a total Mg 2ϩ concentration of 1 mM, about half of the substrate DNA was converted to product by both proteins. The results indicated that of the preformed Ape1⅐51F-DNA complexes, 80% was converted into the incised form for wild-type Ape1, and 63% was converted for the D308A protein. This result suggested that the stable complex of wild-type Ape1 that was observed in the dissociation assay at low concentrations of MgCl 2 (Fig. 3A, panel a, lane 3) contained the incised form of 51F-DNA. To confirm this conclusion, we isolated the free DNA fraction from a gel of a sample taken 10 s after the addition of MgCl 2 to a final concentration 0 or 2 mM (see Fig. 3A, panels a and c, lanes 2 and 4) and analyzed these materials on a denaturing 20% polyacrylamide gel. In this experiment, 90% of the DNA that had dissociated from wild-type Ape1 was still intact (Fig. 3C, compare  lanes 2 and 3) , but at least 50% of the DNA that had dissociated from the D308A protein was the incised product (Fig. 3C , compare lanes 4 and 5). This result was consistent with the interpretation that the dissociation of product from wild-type Ape1 was slower than the dissociation of intact DNA at low concentrations of MgCl 2 . In contrast, the D308A protein dissociated more quickly from the product after incision. Fig. 5A shows time courses for the dissociation of preincision complexes before and after the addition of MgCl 2 (1 mM). For wild-type Ape1, the half-life of the complex with intact 51F-DNA was ϳ50 s (Fig. 5A) , similar to the value determined previously (18, 19) . Upon addition of 1 mM MgCl 2 , the 51F complex with wild-type Ape exhibited a half-life of 4.4 min (Fig.  5A ). For the D308A protein, the complex with 51F-DNA in the absence of Mg 2ϩ was very long-lived (t1 ⁄2 ϳ 9 min; Fig. 5A ), consistent with our previous determination (19) . When 1 mM MgCl 2 was added, ϳ70% of the D308A⅐51F-DNA complex dissociated within 15 s, and the remainder decayed with a half-life of ϳ75 s (Fig. 5A) . The biphasic nature of the Mg-induced dissociation of the D308A protein could reflect the time necessary for Mg 2ϩ binding into the protein, the time for incision of the DNA, or the actual dissociation from incised DNA.
To address the effect of Mg 2ϩ specifically on only the dissociation from incised DNA, preincision 51F-DNA and Ape1 proteins were mixed to form complexes in the presence of 1 mM MgCl 2 instead of 1 mM EDTA, and a large excess of unlabeled 51F-DNA was added at time 0. After incubation for various times, the samples were analyzed by EMSA. Notably, in the presence of MgCl 2 , the same amount of complex was formed as in the absence of MgCl 2 (Fig. 5B, time 0) , indicating that MgCl 2 does not affect the overall binding affinity of Ape1 proteins for incised 51F-DNA. This result was confirmed by protein titration in the presence of MgCl 2 (data not shown). Fig. 5B shows that in the presence of MgCl 2 the dissociation rate of the D308A protein from the incised DNA was increased dramatically. In contrast, the dissociation rate of wild-type Ape1 was slightly decreased (Fig. 5B) . These results confirmed that under these conditions, 1 mM Mg 2ϩ represses dissociation of wild-type Ape1 but accelerates the dissociation of D308A protein from incised DNA and that the stabilizing effect of Mg 2ϩ on the wild-type Ape1-DNA complex (Fig. 5A) is likely due to stabilization of the complex with incised DNA (Fig. 5B) .
Product Dissociation Can Be Rate-limiting during Ape1-mediated Cleavage-The results described above suggested that the rate-limiting step in Ape1-mediated cleavage might vary with the magnesium concentration. We therefore determined the effect of MgCl 2 on the steady-state nicking reaction of wild-type and mutant Ape1 proteins (Fig. 6 ). Kane and Linn (20) determined an optimal concentration of 10 -15 mM MgCl 2 for the AP endonuclease activity of Ape1. Our results (Fig. 6A) agree with that determination, but they also revealed that the magnesium dependence of wild-type Ape1 was sigmoidal (Fig.  6A) , indicating that the metal has two different effects on the enzyme reaction. The D308A protein also exhibited sigmoidal Mg 2ϩ dependence, whereas the D283A protein had metal dependence that increased monotonically to plateau at 2.5-5 mM MgCl 2 (Fig. 6A, inset) . Both of these mutant proteins had higher activity than the wild-type at MgCl 2 concentrations Յ1.25 mM (Fig. 6A) . This result was consistent with the data from EMSA experiments, which showed that at total Mg 2ϩ concentrations of 1-3 mM, the D283A and D308A proteins dissociate from product faster than wild-type Ape1 (Fig. 3B) . Thus, the product dissociation step may limit the turnover of human AP endonuclease at moderate to low Mg 2ϩ concentrations, and increasing the concentration of MgCl 2 enhances the dissociation after incision. In contrast, the 3Ј-repair phosphodiesterase activities of wild-type Ape1 and the mutant proteins were all maximal at about 1.25-2.5 mM MgCl 2 , and the magnesium dependence curves were not sigmoidal (Fig. 6B) .
DISCUSSION
The experiments presented here show that Mg 2ϩ has complex effects on the overall reaction of Ape1 with DNA contain- ing abasic sites. As in many other nucleases, the metal likely supports the chemistry of phosphodiester cleavage, a conclusion consistent with the identification of metal atoms bound around the proposed active sites of Ape1 (25) and exonuclease III (24) . However, Mg 2ϩ clearly also has independent effects on the binding of Ape1 to its substrate and product abasic DNA molecules. Such effects were not apparent in the activity of the enzyme as a 3Ј-repair diesterase acting to unblock DNA 3Ј-termini, which is, in any case, a much more sluggish reaction (10, 29, 30) .
Our results indicated that the rate-limiting step of the Ape1 reaction with abasic DNA can vary with the Mg 2ϩ concentration. At low MgCl 2 concentrations, the rate-limiting step for wild-type Ape1 appears to be product release, and the increased velocity of product release at higher MgCl 2 overcomes this limitation such that catalysis (or another step) becomes rate-limiting. The latter conclusion is consistent with the conclusion of Strauss et al. (17) , who carried out experiments only at 5 mM MgCl 2 . In the present work, we have also found that magnesium not only enhances DNA cleavage by Ape1 but also destabilizes the preincision protein-DNA complex. Because of these multiple effects, we could not directly address whether the binding affinity of Ape1 for DNA abasic sites is altered by magnesium. On the other hand, we did show that magnesium does not affect the overall affinity of Ape1 protein for incised abasic sites, although the stability of complexes with incised DNA was decreased by the metal. To investigate the magnesium effect on the substrate affinity of Ape1 protein would require substrate analogs that do not undergo cleavage. One such substrate could be the Sp diastereomer of a 5Ј-phosphorothioate at the tetrahydrofuranyl site, which is cleaved at a rate Ͼ500-fold lower than the corresponding Rp diastereomer (11) . However, we found that introducing the Sp 5Ј-phosphorothioate also significantly reduced the affinity of Ape1 for DNA in EMSA experiments. 2 Thus, the inhibitory effect of this 5Ј-phosphorothioate derivative is likely due both to decreased affinity and to inhibition of the cleavage chemistry. For these reasons, the slow reaction of Ape1 on the Sp phosphorothioate cannot be taken as evidence that phosphodiester hydrolysis itself is rate-limiting in the normal Ape1 reaction, as some have argued (17) .
The response of the mutant Ape1 proteins to magnesium was informative regarding the roles of this metal. The aspartic acid residues 283 and 308 that were replaced with alanines in the mutant proteins are conserved among the members of the Ape1/exonuclease III family (25) . Mutation of these two residues affects the enzyme activity to differing degrees (Table I) , however, and they exert different effects on the magnesium dependence of the enzyme. Wild-type Ape1 still exhibited low activity even in the presence of EDTA (consistent with a pre- vious observation of Wilson et al. (18) , whereas the D308A protein lacked detectable activity (Fig. 2, compare lanes 2 and  5) . One possibility is that aspartate-308 helps bind Mg 2ϩ tightly to the protein, such that some bound metal is retained in wild-type Ape1 through the purification process and in the presence of chelator. This tightly bound metal would in turn contribute to more unstable binding of the substrate and product DNA than is found for the D308A protein.
The more dramatic effect of mutating aspartate 283 suggests that this residue plays a separate, critical role, perhaps in anchoring and orienting a metal atom that is directly involved in catalysis, as suggested by the structural studies of Gorman et al. (25) . Consistent with this interpretation, the activity of both the D283A and the D283A/D308A proteins was maximal at relatively low metal concentration (2.5 mM MgCl 2 for the AP substrate (Fig. 6A) or ϳ0.25 mM Mg 2ϩ for the 3Ј-repair substrate (Fig. 6B)) . In other words, if aspartate 283 is involved in orienting the Mg 2ϩ ion to promote chemistry, elevating the metal concentration would likely not correct this effect.
The in vivo consequences of the variations of Ape1 activity with Mg 2ϩ concentration are unknown. Although reliable figures are not available for changes in the amount of free Mg 2ϩ in cells, it is possible that Ape1 might, under some circumstances, exhibit slow dissociation after cleavage of an abasic site and limit DNA repair. Our studies point to complex effects of this important metal and show that the issue of substrate recognition should be considered in the context of magnesium interactions with both the protein and the DNA.
